The self-assembly and adsorption of the surfactants cetyltrimethylammonium bromide (CTAB) and didodecyldimethylammonium bromide (DDAB) at the muscovite mica-water interface are studied using molecular-dynamics simulations. Adsorption takes place by an ion-exchange mechanism, in which K + ions are replaced by the organic alkylammonium cations from the solution. Simulations are performed with and without the surface K + ions, with pure water, and with the surfactants in aqueous solution. CTAB and DDAB form micellar structures in bulk solution, and in the absence of the surface K + ions, they quickly adsorb and form bilayer structures. The bilayer ordering of CTAB is not perfect, and there is a competition with the formation of cylindrical micelles. DDAB, on the other hand, forms a well-ordered bilayer structure, with the innermost layer showing strong orientational ordering, and the outermost layer being more disordered. The simulations with pure water highlight the molecular ordering and strong electrostatic interactions with the mica-surface atoms. Using simulated scattering length density profiles, the results are compared directly and critically with existing neutron reflectivity measurements. The simulation results are generally consistent with experiments, and yield new insights on the molecular-scale ordering at the micawater interface.
Introduction
Surface active agents (surfactants) are amphiphilic molecules with a broad range of applications, such as detergents, emulsifiers, wetting agents, dispersants, and solubilisers, due to their ability to undergo self-assembly and adsorption at interfaces. They consist of a hydrophobic part, which is usually a hydrocarbon backbone, and a polar, hydrophilic part, known as the head group, which may also be charged. The most significant property of surfactants is the ability to adsorb at interfaces, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] which can dramatically change the properties of the interface. The adsorption pathway and associated dynamics are very important, and the structures of the adsorbed layers can change significantly with time. Below the critical micelle concentration (CMC), adsorption is a sequential molecular process. Above the CMC, adsorption can also involve self-assembled aggregates, and the surface reorganisation of these objects can be slow, 12 or may not happen at all. One example that is germane to the current work, and which will be detailed below, is the adsorption of a surfactant at a solid-water interface. At low surfactant concentration, an adsorbed mono- layer may be formed. At high surfactant concentration, above the CMC, the surfactant can form cylindrical micelles, which may adsorb at the interface. Over time these micelles reorganise to form a bilayer structure. 12 The surfactants studied in this work are hexadecyltrimethylammonium bromide [or cetyltrimethylammonium bromide (CTAB)] and didodecyldimethylammonium bromide (DDAB). CTAB is an antiseptic agent, and a surfactant used in DNA extraction. DDAB is a phase-transfer catalyst, often used in biological applications. The molecular structures are shown in Fig. 1 . The focus of this work is the adsorption of these surfactants at the mica-water interface. Muscovite mica [KAl 3 Si 3 O 10 (OH) 2 ] is a form of aluminium potassium silicate mineral with easily cleaved, atomically smooth surfaces, making it a convenient substrate for adsorption studies. During cleaving, mica surfaces can become charged, attract oppositely charged particles, and participate in adsorption and ion-exchange mechanisms, and these have long been studied in the case of simple inorganic ions. [13] [14] [15] [16] [17] [18] [19] When immersed in an aqueous solution of an ionic surfactant, the external potassium layer of the slab can be exchanged with large organic cations. 16, 20 The specific literature on CTAB and DDAB is discussed below.
There has been a lot of experimental and simulation work on CTAB in aqueous solutions, with varying results. CTAB is known to form micelles of various shapes in water and other solvents. [21] [22] [23] The CMC is estimated to be about 9 × 10 −4 mol L −1 , 21, 24 equivalent to about 0.03 wt%. Sun et al. 25 performed molecular-dynamics (MD) simulations of prepared CTAB monolayers at the mica-water interface, and noticed the growth of a water channel penetrating the monolayer and transforming it into disordered aggregates. Other simulations have shown cylindrical CTAB micelles on Au(100) surfaces in aqueous solutions, 26 various CTAB aggregate shapes in water solutions, 27 and different shapes of CTAB and anionic sodium octyl sulfate (SOS) aggregates, which depend strongly on the surfactant composition. 28 Modern experimental techniques such as surface force apparatus (SFA), neutron reflectivity (NR), X-ray reflectometry (XRR), and atomic force microscopy (AFM) have been used to explore the structural aspects of the micellisation and adsorption of CTAB. CTAB forms a monolayer structure at about 5% of the CMC, 29 and a bilayer structure at about 50% of the CMC. 30 SFA measurements shows that the bilayer thickness is in the range 31-36 Å. 29, [31] [32] [33] [34] AFM imaging by Ducker and Wanless showed that, initially, CTAB formed flattened cylinders parallel with the mica surface, and then transformed over 24 hours to form a flat bilayer. 35 This was put down to the time for the exchange of K + ions in the mica surface, which appears to be a slow process in the case of ammonium ions. 18 Speranza et al. 36 used XRR to explore a series of quaternary alkylammonium bromides (C n TABs with n = 16 corresponding to CTAB) adsorbed at the mica-water interface. It was found that under quiescient conditions, the XRR data were consistent with a disordered and interdigitated bilayer structure below and above the CMC, and with a more densely packed, ordered, and separated bilayer structure at the CMC. The discrepancy between AFM and XRR measurements could be put down to the influence of the scanning microscopy tip, and the long time for structural reorganisation to recover the bilayer. NR studies show that the surface coverage of the CTAB bilayer is incomplete, suggesting that adsorption is in the form of aggregates. 37 Howard and Craig proposed that surface-adsorbed aggregates are the cause of slow adsorption in the case of CTAB, and that this may also apply to other surfactants. 12 Clarke and co-workers used NR to study the aggregation of CTAB 38 and DDAB [39] [40] [41] at the mica-water interface, and observed bilayer formation of the surfactants in both cases.
The aim of this work is to gain some insights on the adsorp-tion and self-assembly of CTAB and DDAB at the mica-water interface using MD simulations. By preparing an initial 'bulk' solution of the surfactants and putting it in contact with the mica surfaces, and letting the system reach equilibrium (or at least a steady state) without external bias, it should be possible to determine what kinds of structures are formed first at the interface. It is essential that the simulated structure is compared with experimental measurements. The adsorbed-layer thickness is an insensitive measure, as it reflects the molecular-scale ordering at the interface only indirectly, and relies on assumptions about the molecular geometry and the internal structure of the bilayer. In this work, the neutron scattering length density (SLD) profile is extracted from atomic-density profiles calculated in MD simulations, and the neutron reflectivity is computed for direct comparison with the results presented in References 38-41, including the effects of substrate, etc. that influence the experimental measurements. If the simulated and experimental reflectivities are in good agreement, then robust atom-level information can be inferred.
The properties of water near the mica surface are also of great interest. It has been shown with X-ray scattering, 42 SFA measurements, 15, 43 and molecular simulations [44] [45] [46] that the water layers near the interface are well ordered and separated by 2.5-2.7 Å, which is approximately equal to the van der Waals diameter of a water molecule. Although this is not the main focus of the current work, it does provide an opportunity to show that the MD simulations are consistent with earlier findings, and in particular, that the NR profiles for the mica-water interface presented in References 38-41 can be reproduced reliably.
The rest of this article is organised as follows. The simulation model, protocols, and analysis are described in Section 2. The results are presented in Section 3, and divided into three parts: the mica-water interface (Section 3.1); CTAB adsorption at the mica-water interface (Section 3.2); and DDAB adsorption at the mica-water interface (Section 3.3). Section 4 concludes the article.
Model and methods

Molecular dynamics simulations
In a first tranche of MD simulations, three systems were studied with 44.7 wt% CTAB in water, 39.1 wt% DDAB in water, and pure water, each confined between two muscovite mica slabs. These concentrations are well above the CMC, because the focus is on the structure of the solid-liquid interface, and it would be completely infeasible to do all-atom simulations near the CMC. (The CMC of DDAB is 8 × 10 −5 mol L −1 , 39-41 equivalent to about 0.004 wt%.) The compositions of these systems are summarised in Table 1 . The mica structure was taken from the Interface Force Field toolkit [47] [48] [49] [50] [51] , with the unit-cell dimensions being 5.1918 Å × 9.0153 Å × 10.0228 Å. A 10 × 6 × 1 surface slab was formed from the unit cell. 52 Each slab had lateral (xy) dimensions of 52 Å × 54 Å, a thickness (z) of 10 Å, and contained 2520 atoms. Simulations were carried out with and without the 60 K + ions in the top layer of each mica slab; there is one K + ion per unit cell. LAMMPS 53, 54 was used to perform all-atom MD simulations. Table 1 Compositions of systems simulated at P = 1 atm and T = 298.15 K. N CTAB is the number of CTAB molecules, N DDAB is the number of DDAB molecules, N w is the number of water molecules, and N atom is the total number of atoms in the liquid layer. All interactions and topology parameters were taken from the PCFF-INTERFACE force field. 51 The non-bonded Lennard-Jones (9, 6) and electrostatic interaction parameters are given in Table  2 . Periodic boundary conditions were applied in the x and y directions. The Ewald particle-particle particle-mesh method was used to calculate all long-range electrostatic interactions, and the equations of motion were integrated with the velocity-Verlet algorithm and a time step of 1 fs. 51 Atom Type is according to the naming convention used to define the mineral structures and interactions in the Interface Force Field. The mica atoms are ay1-sy2, the water atoms are hw and o*, and the surfactant atoms are br-n. For instance, in the surfactants, 'c2' is an aliphatic CH 2 carbon, 'c3' is an aliphatic CH 3 carbon, 'c2n' and 'c3n' are the corresponding carbons bonded to the ammonium nitrogen, 'hc' is an aliphatic hydrogen, and 'n' is the ammonium nitrogen. ε and σ are the Lennard-Jones (9,6) energy and distance paramters, respectively. q is the charge on the atom. The simulations were carried out according to the following protocol. First, the surfactant and water were randomly mixed to generate an initial disordered configuration. The energy of the system was minimised, and then NV E dynamics were run for 0.2 ns to relax the system. To compress the solution layer, a fixed load corresponding to P = 1 atm was applied to the outermost layer of atoms in the top mica surface, while the bottom surface was held fixed, and the system was held at T = 298 K. The simulation was then switched to the NV T ensemble with T = 298 K.
Element
The temperature was controlled by a Nosé-Hoover thermostat. For the CTAB system, runs of 60 ns were required to reach equilibrium. Then, an additional 4000 water molecules were inserted into the centre of the solution layer, to further separate the slabs and ensure there that there were no interactions between the adsorbed structures. The composition of the solution layer was then 32.7 wt% CTAB (see Table 1 ). The larger system was simulated under NV T conditions for 30 ns. For the DDAB and pure-water systems, 50-ns runs were sufficient to reach equilibrium.
For each liquid layer, simulations were carried out both with and without the K + ions on the innermost surface of each slab. The ion-exchange mechanism occurs on timescales that are inaccessible to MD simulations, and so to mimic the process, K + ions were simply removed from the surfaces. In the real system, the resulting concentration of K + (aq) is very low because of the volume of the solution, and so in the surfactant simulations, 120 ions were simply deleted from the system. To preserve the charge neutrality, 120 Br − ions from CTAB and DDAB were also deleted. Stripping the K + ions from the surface exposes the surfactant cations to surface anions, and leads to rapid and strong adsorption. For the pure-water system, the K + ions were moved from the surface into solution, resulting in a concentration of approximately 0.83 mol kg −1 .
The structures of the adsorbed films were characterised by cal-
where z is the distance from a surface. A resolution of 1 Å was sufficient in all cases. The density profiles for each surface were combined and averaged over the last 20 ns of the simulation. The neutron SLD profile was calculated from the individual atomicdensity profiles using the scattering lengths collated by Sears. 55 The SLD (m −2 ) of each atom type at a distance z is simply the local concentration (m −3 ) multiplied by the scattering length (m).
Comparison with NR measurements
An essential feature of this work is the comparison of simulated and experimental structures using NR. Clarke and co-workers have measured the NR profiles of CTAB and DDAB solutions in water, and pure water, in contact with mica surfaces. [38] [39] [40] [41] 56, 57 In connection with the NR and SLD profiles, 'water' means D 2 O. The surfactant concentration was fixed at or near the CMC. The NR is a function of the SLD profile, which is fitted to the experimental measurements, including the effects of the substrate as well as the adsorbed layer at the mica-solution interface. Because of the available range of the scattering wave vector Q, the resolution of the NR measurements is limited. In simulations, the atomicdensity and SLD profiles can be determined with sub-ångström resolution. Hence, the simulations should be able to give more detailed insights on the structures of the adsorbed layers.
The multi-layered nature of the NR substrates used experimentally required a complex fitting routine, where 'thick' and 'thin' layers are accounted for differently due to the loss of phase information in the 'thick' layers. I-CALC, a custom fitting routine, was used to fit data from these substrates, and generate the SLD and corresponding NR profiles. The specifics of the fitting routine are described in detail elsewhere. 39 The NR profile corresponding to the fitted SLD is used in comparisons with simulations, but this is very close to the raw NR data obtained in experiments.
The NR corresponding to the MD simulations was obtained from the SLD profile computed as described at the end of Section 2.1. To make sure that the solution-mica interface was described accurately, and to avoid any issues of how to match the two up, the simulated SLD profile was extended into the mica substrate by replicating the mica SLD profile nine more times. This resulted in a mica substrate ten layers thick, plus the solution layer. The composite profile was then extended further to the experimental substrate thickness by adding a uniform SLD corresponding to the average for mica, which is 3.67 × 10 −6 Å −2 . The resulting NR profile was calculated using other necessary parameters taken from a prior experiment on a bare mica surface, with a silica/silicon/glue multi-layered substrate. The details are given in Reference 41.
For consistency, the NR profiles from both the experimental and simulated SLDs were computed using the same bare-substrate parameters. Fig. 3 (a). The hydrogen density is higher than the oxygen density near the potassium layer, suggesting that the water molecules adsorb with the hydrogen atoms pointing towards the surface. One would expect that the positively charged potassium ions on the mica surface would attract the negatively charged oxygen atoms of the water. However, the underlying layer on the mica surface is an oxygen layer, also negatively charged. Thus, the water molecules adsorb so that both the hydrogens are close to the sub-surface oxygen layer, and the oxygen atoms are close to the potassium layer. Steric interactions between potassium and water prevent the latter from penetrating any further into the mica surface.
Results
Mica-water interface
The opposite effect is observed when the potassium ions are moved from the mica surface; now the water molecules point towards the surface oxygen-first. The atomic-density profile in Fig. 3 (b) shows that oxygen atoms now occupy positions among the outermost oxygen atoms of the mica surface. The layer below the oxygen layer of the mica is formed from Al and Si cations. So now, the water oxygens coordinate to Al/Si, and the water hydrogens coordinate to the mica oxygen. The absence of the potassium ions, and the low concentration of the mica oxygen atoms, mean that the water molecules can penetrate the surface cavities of the mica and form strong electrostatic interactions. covite surfaces in bulk water, and the hydration layers at the solidwater interface. Fig. 2 (e ) and (f) show side-on views of the mica surfaces and the neighbouring solvent atoms. From this perspective, the positions of the adsorbed water molecules are easy to see, with greater penetration of the mica slab without potassium than with potassium. As shown in Fig. 2 (e) , in the presence of potassium, the hydrogen atoms of the water molecules are pointing towards the surface, and are aligned with the K + ions. As shown in Fig. 2 (f) , in the absence of the K + ions, the oxygens are pointing towards the surface and are settled among the oxygen atoms of the mica surface. The layering of the water molecules at the interface is shown by plotting the atomic-density profile of the oxygen atoms on an expanded scale; see Fig. 3 (c) and (d) . The ordering of the oxygen atoms is more pronounced near the surface without potassium than near the surface with potassium. In Fig. 3 (d) , the peak labelled P 1 has been reported in other work as the 'adsorption layer', while the peak labelled P 2 is referred to as the 'hydration layer'. 42, 44, 59 The distance between the two peaks is 2.8 Å, which is larger than the value of 1.2 Å estimated in previous work using high-resolution specular X-ray reflectivity, and Monte Carlo and MD simulations. 42, 44, 59 The layering extends to about 10 Å into the liquid, which is in excellent agreement with that seen in earlier work. 42, 44, 59 Fig. 3 (c) shows that the water adjacent to the surface with potassium is less well ordered, but the weak layering extends a similar distance into the liquid. Note that the H-atom and O-atom densities at large values of z are very slightly lower than the experimental values for bulk water, especially for the water containing desorbed K + ions; in the experiments, the water is essentially pure, but the deviations of the simulated densities (arising from the dissolved ions and/or force field) are insignificant. Fig. 3 (e) and (f) show the in-layer ordering of the water, represented by the two-dimensional radial distribution function g(r), where r is the O-O distance in the xy plane. The water was separated into layers, as indicated by the labels P 1 -P 3 in Fig. 3 (c) and (d). In the presence of potassium [ Fig. 3 (e) ], the water layer nearest the mica surface is slightly more ordered than the next two layers, but fundamentally, the structure is the same. The water layer nearest the mica surface without potassium [ Fig. 3 (f)] is much more strongly ordered than the next two layers, and this is due to the pinning of the water molecules to the charged sites on the mica surface. In fact, this is visible from the simulation snapshots in Fig. 2 (a) and (b). In (a) (with potassium) no strong layering is visible, while in (b) (without potassium) there is a continuous band adjacent to the surface, corresponding to a well-ordered layer of water molecules, but no second or third bands. Fig. 4 shows the NRs and SLD profiles for water near mica surfaces; simulation results for mica surfaces with and without potassium are compared to the same set of fits to the experimental data. 38 The simulated NR profile for the system without the K + ions is slightly closer to the experimental NR, but both systems exhibit good overall agreement with experiment. Each SLD profile shows the solution layer and ten replicas of the mica layer with atomic resolution, which is extended in the −z direction with the uniform value for mica. Note that even though the resolution of the simulated SLD profiles is much higher than that which can be extracted by fitting to the experimental NR, the fine details of the simulated SLDs are smeared out in the calculation of the NR at low wave vectors. Nonetheless, the SLD profile for the surface without potassium shows two pronounced peaks near the solidliquid interface, which are absent from the profile for the surface with potassium. These peaks correspond to the alignment of the water molecules with the mica-oxygen layer, therefore generating a high scattering-length density at that position. As shown, these peaks do not have an observable effect on the NR profile. Away from the interface, the water SLD profiles level off at about 6.21 × 10 −6 Å −2 (with potassium ions) and 6.05 × 10 −6 Å −2 (without potassium ions). These values are 2-4% smaller than the fitted experimental value of 6.30 × 10 −6 Å −2 . 38 This is simply because the simulated water density is slightly too low, as noted above. Fig. 5 (a) and (b) show snapshots of 44.7 wt% CTAB in water, with and without the innermost potassium layer on each mica surface. Fig. 5 (c) shows a snapshot of 32.7 wt% CTAB in water, without the K + ions. It is obvious that removing the K + ions (and the Br − ions for charge balance) is essential for the CTAB aggregates to adsorb onto the surface. In both cases, the CTAB self-assembles because the concentration is well above the CMC.
CTAB adsorption at the mica-water interface
In the presence of the K + ions, CTAB forms extended aggregates in solution. Table 3 shows the composition and size of the structures formed in all three systems examined. The top and bottom layers refer to the two mica surfaces. The structures in the CTAB systems are micellar, and their sizes are estimated using the radius of gyration, R g , defined by
where n is the number of atoms in the aggregate, m i is the mass of atom i, r i is the distance of atom i from the centre of mass (taking into account the periodic boundary conditions), and M = ∑ n i=1 m i is the mass of the aggregate. R g was calculated and averaged during the production run where there is no change in the number of molecules involved. The micelles reported in Table 3 in the CTAB systems have sizes of 35 Å and 28 Å. Griffin et al. described the formed CTAB structures as bilayers, and estimated their thickness as 31 Å, with a roughness at the bilayer/water interface of 3 Å. 38 Even though the aggregates described in Table 3 are micelles, their average sizes are in good agreement with the bilayer size estimated by Griffin et al. In the absence of the K + ions, the CTAB is instantly adsorbed onto the surfaces, creating something in between a bilayer structure and flattened hemispherical aggregates, both of which have been reported in previous studies. 2, 12, 25, 35, 36, 60 Adding additional water was intended to eliminate any strong interactions between the two adsorbed layers. Indeed, the two sets of simulation results given in Table 3 show that the effect of increasing the water content was small, inasmuch as the apparent thicknesses of the top and bottom adsorbed layers were virtually unchanged. This suggests that there was enough water between the adsorbed layers to remove finite-size effects. On one of the surfaces, the hemispherical aggregates had merged to form a well-defined bilayer structure. This shows that there is not one structure which is strongly thermodynamically favoured, and it is not claimed here that one or other should dominate. But it is possible that relatively minor variations in surface composition and charge could tip the balance one way or the other. The adsorbed structures on both surfaces contain a small but significant amount of water. Table 3 Composition and structural properties of micellar and bilayer structures in CTAB and DDAB in water confined between mica slabs without potassium. The micelles are described by the radius of gyration R g and the bilayers by their thickness L. 'Top' and 'bottom' refer to the position in the simulation cell. 'Inner' and 'outer' refer to the simulated surfactant layers in contact with solution and mica, respectively. Experimental values for the adsorbed-layer thickness are included for comparison. [38] [39] [40] [41] This is detailed in the atomic density profiles, shown in Fig. 6 (a) . There are peaks in the water hydrogen and oxygen profiles about 2 Å from the first Al/Si layer in the mica surfaces, and the tails of those peaks extend about 10 Å into the CTAB layer. The essential test is to compare the simulation results with the NR experiments performed by Griffin et al. 38 Fig. 7 (a) and (b) show the NR and SLD profiles, respectively, from experiment and simulation. The NR profile from simulation is broadly in agreement with that from experiment, although the features in the experimental profile are more pronounced in the wave vector range
To put that in context, Fig. 7 (a) also shows the NR profile for the bare mica surface in contact with pure water, as determined experimentally. The deviation between the simulated and experimental NR profiles for the CTAB solution is smaller than that between the experimental profiles for the CTAB solution and pure water. The SLD profile shows that the reason for the discrepancy is the larger dip in the fitted function through the bilayer as compared to simulation. The decrease of the SLD in the range 0 Å ≤ z ≤ 50 Å signifies the existence of a thick, organic-rich layer, because the SLD of CTAB is lower than that of mica or water. But while the simulation results show an adsorbed, hydrated structure in the shape of a disordered bilayer or a hemimicelle -see Fig. 5 (b) and (c) -the experiment indicates a perfect bilayer with no signs of contained water. The presence of water in the simulated layer increases the SLD, and reduces the contrast between mica and water. Therefore, the reflectivity profile shows a weaker hump in the aforementioned wave-vector range. Essentially, the bilayer is not as well resolved in simulations as in the SLD profile fitted to experiment. Note that the atomic-level resolution of the SLD in the mica slab does not have any influence on the reflectivity profile, as shown in Section 3.1. Atomic resolution is used down to z = −80 Å, and the mica is treated as a uniform substrate beyond that. Fig. 8 (a) and (b) show snapshots of 39.1 wt% DDAB in water, with and without the innermost potassium layer on each mica surface. Due to its two backbone chains, and the resulting higher packing parameter, DDAB forms very well defined, compact bi-layer structures on both surfaces, which contain relatively little water, as shown in Fig. 6 (b) . The water is mainly confined to a 5-Å region near the surface. Table 3 contains information about the content and structure of the bilayers. The width L of the bilayers was calculated by averaging the z coordinates of all the nitrogen atoms that belong to the headgroup near the surface (in the 'outer' layer), and then the positions of the nitrogen atoms that are facing the bulk (in the 'inner' layer). The height difference between the nitrogen positions was then averaged for the production run, and this represents the width of the bilayer. Close inspection shows that the two components of the bilayer are quite distinct: a highly ordered monolayer directly on the mica surface (outer layer); and a much thinner, disordered layer on the side of the bulk solution (inner layer). Because of the high chain density in the outermost adsorbed layer (in contact with the mica surface), the molecules in the innermost layer cannot penetrate it, which results in the DDAB molecules laying flat on top of the outermost layer. These two parts are distinct, and this is shown in the snapshots as a faint white line which is where the monolayer part ends and the disordered DDAB molecules lie in various orientations. The approximate thickness of, and number of molecules in, in each of the inner and outer layers are given in Table 3 . With this in mind, it is expected that the total thickness of the bilayer structure would be more than the length of a single DDAB molecule (17 Å), but less than the length of two DDAB molecules lying end-to-end. 61 As shown in Table 3 , the total thicknesses of the two adsorbed bilayer structures are 23.5 Å and 22.9 Å, which are in excellent agreement with the values of 24.0 Å, 23.0 Å, and 22.1 Å reported by Browning et al., 39 Griffin et al., 40 and Allen et al., 41 respectively. The DDAB molecules that were not adsorbed on the surfaces formed a lamellar aggregate in the middle of the bulk solution, because the concentration was well above the CMC. This aggregate was far from the adsorbed structures, and so any interactions between adsorbed layers and self-assembled aggregates were largely eliminated.
DDAB adsorption at the mica-water interface
The simulated reflectivity and SLD profiles of the system are plotted with the corresponding experimental results in Fig. 9 (a) and (b), respectively. The reflectivity profiles are in excellent agreement. The simulated SLD shows a dip at z 25 Å, which corresponds to a well-ordered layer of terminal hydrogen atoms at the ends of the hydrocarbon tails of the DDAB molecules that belong to the outermost adsorbed layer. This clearly indicates the innermost edge of the outermost adsorbed layer, and that there is almost no interdigitation between the layers. As before, the simulated SLD profile captures more fine details than the fitted profile, but there is little impact on the reflectivity profile. Nonetheless, the overall thickness and definition of the bilayer region of the SLD profile is captured extremely well by the simulations. Overall, there is very good agreement with the experiment, and this supports the existence of a bilayer with the reported dimensions. [39] [40] [41] In (a), the dotted blue line shows the experimental fit for the bare mica surface in contact with pure water.
The orientational structure of the outermost and innermost layers can be characterised by calculating the distribution of the molecular angle cosine (cos θ ) with respect to the laboratory z axis (normal to the mica surfaces). A unit orientation vector was defined as pointing from the terminal N atom in the ammonium head group to the terminal methyl C atom at the end of the hydrocarbon chain. DDAB molecules have two chains, and so both of the vectors emanating from the same N atom were included. To separate the two surfaces, the angle cosine was defined with respect to the bottom surface: cos θ = +1 means that the molecular vector is pointing away from the surface; cos θ = −1 means that the molecular vector is pointing towards the surface. It is observed that most molecules are parallel to the z axis with | cos θ | ≥ 0.8, corresponding to the outermost layers on each surface, which contain more molecules than the innermost layers.
Conclusions
In this work, MD simulations were performed to explore the self assembly and adsorption of the surfactant molecules CTAB and DDAB in water, confined between muscovite mica surfaces. An additional study of pure water on mica surfaces was conducted to investigate the structural properties of water at the solid-liquid interface. The role of the computational work is to complement previous experimental work on those systems, and to provide atomistic details on the underlying adsorption mechanisms and resulting structures.
It was observed that the innermost potassium layer on the mica surface plays a significant role when it comes to the shape of the aggregate structures of the two surfactants. The presence of that ion layer prevents the surfactants from adsorbing onto the surface; CTAB forms compact micelles in the bulk solution, while DDAB aggregates into disordered clusters, which remain unchanged throughout the simulation. By removing the potassium-ion layer (and some counterions), and thereby introducing a surface charge, the two surfactants quickly adsorbed onto the surface. In the case of CTAB, the structure was intermediate between a bilayer and flattened, adsorbed hemi-micelles. DDAB, on the other hand, formed a well-defined bilayer. Using the simulated atomic density profiles, the results from the simulations were compared to experimental NR and SLD profiles. The results for the CTAB system were in moderately good agreement, with small deviations coming from the simulated adsorbed structures being not as well defined as in experiments, and the presence of small concentrations of water localised within the surfactant film. The match between simulated and experimental profiles was excellent in the case of DDAB. In all cases, the apparent thicknesses of the adsorbed films were in excellent agreement with experimental estimates. In the DDAB system, the two components of the bilayer showed markedly different structures. The DDAB molecules in contact with the mica surface formed a dense, orientationally ordered monolayer. The second layer exhibited a thin and disordered structure, with almost no interdigitation, but with the polar head groups in contact with the aqueous solution. Overall, the thickness of the bilayer structure was in between one and two times the length of a DDAB molecule.
The results for the pure-water system showed that the potassium layer prevents the water molecules from penetrating the mica surface, which affects the orientation of the molecules at the interface. This manifests itself in rather different atomic-scale ordering at the surface. The simulated NR and SLD profiles were in good agreement with experimental results with or without the potassium ions, although the agreement was marginally better without the ions.
Overall, this study shows the extent to which MD simulations can be used to complement experimental reflectivity studies of surface-adsorbed structures. The apparent structures extracted from reflectivity measurements are naturally limited in terms of resolution, while molecular simulations can resolve atomic-level structures. Nonetheless, before any conclusions can be drawn from the simulations, it must be confirmed that the results are, as far as possible, consistent with experiment. The examples studied in this work show that it is possible to combine experiment and simulation in order to get an almost complete picture of the structures of surface-adsorbed films.
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TOC Graphic: Molecular-dynamics simulations are used to explore bilayers formed by simple ionic surfactants at the micawater interface, and to shed light on experimental observations.
